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actuator  force, 
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m 
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N 
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kg  m2 

W/m°C 

N  /  m 

N/m 

m 

m 

kg 

kg 

Nm 

Nm 

kg 


latent  heat  of  transformation  of  NITINOL,  J /kg 

yield  strength  of  NITINOL,  N/m 2 

time,  s 

time  to  drop  to  half  the  maximum  deflection  during  cooling,  s 
time  to  rise  to  half  the  maximum  deflection  during  heating,  s 
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To 

temperature  of  ambient, 

°C 

Tm»x 

maximum  temperature  of  actuator, 

°C 

Tt 

phase  transformation  temperature  of  NITINOL, 

°C 
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modal  displacement  of  flexible  system, 

m 
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modal  acceleration  of  flexible  system, 

m/s2 
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shear  forces  acting  on  element  », 

N 

Wa,k 

actuator  and  beam  mass  per  unit  length  respectively, 

kg/m 

X 

position  along  beam  longitudinal  axis, 

m 

Xm*x 

maximum  deflection  of  NITINOL  actuator, 

m 

Y 

transverse  deflection  of  beam, 

m 

Yr 

reference  position  of  beam  in  transverse  direction, 

m 

Greek  Letters 


0 

coefficient  of  thermal  expansion  of  cooling  medium, 

°c_1 

It 

actuator  placement  strategy  number  (1  or  0) 

M 

deflection  and  acceleration  vectors  of  flexible  system, 

m,  m/ s 

8i 

angular  deflection  of  element  t, 

rad 

a 

diagonal  matrix  of  normal  modes  of  vibratior 

Mo 

viscosity  of  cooling  medium, 

kg/m  s 

P 

density  of  actuator  material, 

kg/m 3 

Pa 

density  of  cooling  medium, 

kg/m3 

cooling  time  constant  of  actuator, 

s 

heating  time  constant  of  actuator, 

s 

rth 

thermal  time  constant  of  actuator, 

s 

4> 

modal  shape  matrix  of  flexible  system 

I.  SUMMARY 


This  report  deals  with  the  utilization  of  a  new  class  of  shape  memory  actuators  in 
controlling  and  suppressing  the  vibrations  of  flexible  structures  in  general  and  beams  in 
particular.  The  need  for  such  active  control  systems  is  becoming  inevitable  because  the  new 
trends  in  the  design  of  large  structures  have  rendered  these  structures  to  be  mechanically 
flexible  and  inherently  low  in  natural  damping. 

The  report  demonstrates  experimentally  the  feasiblity  of  using  the  shape  memory 
actuators  in  actively  controlling  the  vibration  of  a  simple  cantilever  beam.  Emphasis  is 
placed  on  the  measurement  of  the  dynamic  characteristics  of  the  ihape  memory  actuator 
in  the  time  and  frequency  domains  under  various  design  and  operating  conditions. 

The  obtained  dynamic  characteristics  of  the  actuators  are  utilized  as  a  basis  for  design¬ 
ing  an  active  computer-controlled  system  to  suppress  the  vibration  of  the  flexible  cantilever 
beam.  The  performance  of  the  control  system  is  evaluated  for  the  beam  subjected  to  step 
displacements. 

The  obtained  results  demonstrate  the  potential  of  the  NITINOL  shape  memory  actu¬ 
ators  as  a  viable  means  for  damping  the  vibration  of  flexible  systems. 

II.  INTRODUCTION 

Space  structures  are  typically  very  flexible  and  possess  a  low  degree  of  internal  damp¬ 
ing.  This  makes  them  poor  natural  platforms  for  weapons  systems  and  antennae,  which 
must  be  able  to  accomodate  retargetting  maneuvers  without  detrimental  jitter  from  vibra¬ 
tions  and  thermomechanical  flutter.  Vibration  control  systems,  both  active  and  passive, 
provide  an  obvious  answer  to  the  need  to  minimize  the  deformations  of  space  structures 
suHect  to  low  frequency  dynamic  loading^1). 

In  passive  systems,  the  vibratory  energy  is  dissipated  through,  for  example,  controlled 
interfacial  slip  in  structural  joints^2,3),  or  wave  propagation  at  interfacial  joints  between 
wave  materials^ .  Passive  systems  have  the  advantage  of  being  relatively  simple,  simple 
to  design  and  simple  to  construct.  Their  disadvantages  include  too  severe  a  limitation  in 
the  band  of  frequencies  in  which  they  control  efficiently  for  some  applications,  and  that 
they  generally  act  at  the  expense  of  the  rigidity  of  the  structure. 


1 


Active  control  systems  suffer  neither  of  these  disadvantages.  However,  these  systems 
are  inherently  more  complicated  and  we  have  iar  less  experience  witn  them.  Moreover, 
most  of  the  experience  we  do  have  is  via  theoretical  modelling'6-15).  Of  the  limited 
number  of  attempts  at  the  experimental  validation  and  implementation  of  active  control 
systems'16-20).  proof  mass^16,17),  brushless  motors'18,19)  and  viscous  dampers^20)  have 
been  among  the  most  commonly  used  type  actuators.  Recently,  piezo-electric  actuators 
have  also  gained  acceptance,  because  they  have  no  moving  parts  and  also  because  of  their 
light  weight,  high  force  and  low  power  consumption.  Design  and  testing  of  active  con¬ 
trollers  utilizing  piezo-actuators  have  demonstrated  their  effectiveness  in  damping  out  the 
vibration  of  flexible  beams  I20-24)  and  hollow  cylindrical  masts  (25).  In  spite  of  their  ad¬ 
vantages,  piezo-actuators  require  very  high  excitation  voltages  —  between  300  to  1400  V 
—  to  control  vibrations  in  the  micro  inch  range.  Due  to  such  limitations  this  study  has 
been  initiated  to  utilize  the  rapidly  advancing  technology  of  the  NITINOL  SHAPE  MEM¬ 
ORY  ACTUATORS  to  control  the  vibrations  of  flexible  systems.  This  class  of  actuators 
represents  an  attractive  alternative  as  it  requires  relatively  low  voltages  (about  5  volts)  to 
generate  displacements  in  the  neighborhood  of  an  inch.  Such  distinct  physical  properties 
of  the  NITINOL  actuators  make  them  simple  to  use  and  to  control  as  well. 

NITINOL  SHAPE  MEMORY  ACTUATORS  have  also  proven  to  be  successful  in 
many  other  applications.  Examples  include  the  HITACHI  robot  hand'25)  and  robotic 
device^26),  radiator  valves^27),  green  house  vents^27),  and  liquid/gas  switches^27).  In  all 
these  applications  the  NITINOL  actuators  have  demonstrated  their  light  weight,  large  force 
and  displacement  capability,  and  low  power  consumption.  Accordingly,  such  actuators 
provide  exciting  possiblities  for  miniaturization,  simplicity  and  reliablilty. 

In  this  study  emphasis  is  placed  on  measuring  the  time  and  frequency  response  char¬ 
acteristics  of  differently  configured  actuators  (different  wire  diameters,  different  lengths), 
at  different  voltage  levels  (the  heating  mechanism),  different  cooling  strategies,  and  differ¬ 
ent  loading  levels.  This  data  is  used  to  provide  the  basis  for  a  mathematical  model  of  the 
dynamic  characteristics  of  the  actuator,  which  is  key  input  in  the  design  of  any  vibration 
control  system. 

Furthermore,  the  study  demonstrates  theoretically  and  experimentally  the  feasiblity 


of  using  the  NITINOL  SHAPE  MEMORY  ACTUATOR  to  suppress  the  vibration  of  a 
specific  structure  —  a  cantilevered  beam. 

III.  THE  NITINOL  SHAPE  MEMORY  ACTUATOR 

The  shape  memory  actuator  relies  in  its  operation  on  the  unique  behavior  of  the  alloy 
NITINOL  which  is  an  acronym  for  Nickel  Titanium  Naval  Ordinance  Laboratory,  when 
it  undergoes  a  martensitic  transformation.  When  the  actuator,  shown  as  a  helical  spring 
in  Figure  1,  is  cooled  below  its  martensitic  transformation  temperature  and  deformed,  it 
will  remember  its  original  shape  and  return  to  it  if  heated  back  past  the  transformation 
temperature.  The  phase  transformation  to  austenite  produces  significant  forces  as  the 
alloy  recovers  its  original  shape.  Therefore,  the  alloy  can  act  as  an  actuator  converting 
thermal  energy  to  mechanical  energy. 

With  the  recent  advances  in  NITINOL  technology,  phase  transformation  temperatures 
of  about  40  to  50°C  are  common.  Therefore  natural  cooling  of  the  actuator,  A,  to  ambient 
room  temperature  will  make  it  assume  its  martensite  phase.  A  passive  restoring  spring, 
B,  as  shown  in  Figure  2,  can  be  used  to  stretch  the  cold  martensite  actuator  to  assume 
position  Pi.  When  heat  is  applied  to  the  actuator,  by  passing  an  electric  current  through 
it,  it  undergoes  the  phase  transformation,  shrinks  to  assume  a  new  position,  P2,  and 
provides  in  the  process  a  significant  force  F.  This  force  can  pull  the  piston,  C,  inside 
the  cylinder,  Z>,  in  effect  moving  the  end  E  relative  to  the  end  O.  Accordingly,  if  the 
two  ends,  E  and  O,  are  connected  to  two  points  on  the  flexible  structure,  the  spacing 
between  these  points  can  be  controlled  within  acceptable  limits  in  the  presence  of  external 
disturbances.  Figure  3  shows  typical  placement  arrangements  of  the  NITINOL  actuator 
in  a  generic  space  structure.  In  this  figure  three  basic  configurations  of  the  actuator  are 
used.  In  the  first  two  configurations,  the  actuator  is  shaped  as  a  helical  spring  to  perform 
either  linear  or  angular  actuations.  In  the  third  configuration,  the  actuator  is  a  straight 
wire.  The  helical  configurations  are  suitable  for  producing  large  deformations  whereas  the 
simple  straight  configuration  lends  itself  to  generate  smaller  deflections. 

The  performance  of  any  of  these  configurations  will  depend  on  the  dynamic  behavior 
of  the  actuator  alloy,  as  influenced  by  its  geometrical  and  physical  properties,  as  well  as 
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OF  NITINOL  ACTUATORS  IN  GENERIC  SPACE  STRUCTURE. 


the  design  and  operating  parameters  of  the  actuator  itself. 


IV.  DYNAMIC  CHARACTERISTICS  OF  NITINOL  ACTUATORS 

The  dynamic  characteristics  of  NITINOL  actuators  are  determined  from  measuring 
the  time  and  frequency  response  characteristics  of  helical  and  straight  wire  actuators  of 
different  geometries  under  different  operating  conditions. 

A.  The  Tested  Actuators 

Table  1  lists  the  main  properties  of  the  NITINOL  alloy  used  in  manufacturing  the 
various  actuators  by  Innovative  Technology  International,  Inc.  Table  2  lists  the  main 
geometrical  parameters  of  the  actuators  considered  in  this  study. 

B.  Time  Response 
1.  Testing  facility. 

Figure  4  shows  a  schematic  drawing  of  the  test  set-up  used  in  monitoring  the  time 
response  of  the  NITINOL  actuators.  The  NITINOL  actuator,  A  is  placed  in  the  set-up 
such  that  one  end  of  it  is  clamped  to  a  tube,  B,  while  its  other  end  is  attached  to  another 
tube,  C.  The  two  tubes  axe  free  to  move  relative  to  each  other  in  a  telescopic  fashion. 
Phenolic  plastic  is  used  to  manufacture  these  two  tubes  in  order  to  make  them  electrically 
non-conducting.  In  this  way,  all  the  inputted  electric  power  will  be  used  to  heat  the 
NITINOL  actuator. 

The  relative  motion  of  the  two  tubes  is  monitored  continuously  by  the  non-contacting 
Linear  Variable  Differential  Transformer  (LVDT),  G.  This  tranducer  provides  a  linear 
voltage  over  a  large  travel  range  (0.025  m)  and  offers  no  frictional  resistance  which  would 
affect  the  obtained  results. 

Heating  the  NITINOL  actuator,  by  applying  an  electric  voltage,  causes  it  to  shrink 
thereby  forcing  the  telescopic  tube,  C,  inside  tube,  B.  This  motion  is  resisted  by  a  return 
spring,  D ,  and  weight,  E.  When  the  electric  voltage  is  switched  off  the  actuator  will  cool, 
past  its  transformation  temperature.  The  potential  energy  stored  in  the  return  spring  and 
the  weight  will  return  the  actuator  to  its  original  length.  The  upward  and  the  downward 
motions  of  the  actuator  are  monitored  on  a  chart  recorder,  along  with  the  time  history  of 
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Table  1.  MAIN  PROPERTIES  OF  NITINOL  ACTUATORS 


Table  2.  PARAMETERS  OF  THE  ACTUATORS  TESTED 


ACTUATOR 

NO. 

[ 

TYPE 

WIRE 

DIAMETER 

(in/cm) 

NO.  OF  TURNS 
or  LENGTH 
(m) 

WEIGHT 

(gm) 

TESTS 

:  i 

■SB 

.016/0.04 

4  turns 

0.137 

mMmm 

2 

11  turns 

0.326 

3 

Icfr 

15  turns 

0.472 

BHB 

4 

mm- 

29  turns 

0.784 

5 

H 

0.022/0.055 

29  turns 

1.657 

T 

6 

H 

0.025/0.0625 

7  turns 

m 

i 

H 

12  turns 

8 

H 

17  turns 

I 

9 

H 

0.030/0.075 

29  turns 

2.998 

'  T 

10 

H 

0.035/0.0875 

29  turns 

4.225 

T 

11 

KB 

0.016/0.04 

0.05  m 

0  04  2« 

T 

12 

warn 

0.125  m 

0.107 

T 

=  Helical  actuator  T  =  Time  response  F  =  Frequency  response 
=  Cooling  strategy  5  =  Straight  actuator 


PROPERTIES 

VALUES 

I.  Phase  Properties 

I 

1.  Transformation  Temperature  ( Tt ) 

cn 

O 

o 

o 

2.  Latent  Heat  of  Transformation  (Ql) 

12,620  J/kg 

3  Percentage  Shape  Memory 

4-8% 

II.  Physical  Properties 

4.  Density  ( p ) 

6.5  gm/cm3 

5.  Thermal  Conductivity  ( k ) 

0.18  w/cm°C 

6.  Thermal  Capacitance  ( cp ) 

883  J/kg°C 

7.  Coefficient  of  Thermal  Expansion 

Martensite 

11E-6  /°C 

Austenite 

6.6E-6  /°C 

III.  Mechanical 

8.  Young’s  Modulus  ( E ) 

70  GPa 

9.  Poisson’s  ratio  ( u ) 

0.33 

10.  Yield  Strength  (Sv) 

~  420  MPa 
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FIGURE  4.  TIME  RESPONSE  TESTING  FACILITY. 


the  applied  electric  voltage.  These  recordings  are  used  to  determine  the  effect  of  applied 
voltage  on  the  heating  and  cooling  time  constants  of  actuators  made  of  different  wire 
diameters  and  lengths. 

2.  Results 

2.1  Helical  Actuators 

(i)  Effect  of  wire  diameter.  The  effect  of  varying  the  wire  diameter  on  the  time 
response  characteristics  of  the  actuators  can  best  be  understood  by  considering  a  sample 
of  the  heating  and  cooling  histories  recorded  for  actuators  that  have  wire  diameters  of 
30  and  35  mils  (or  0.075  and  0.0875  cms).  Figures  5-a  and  5-b  provide  such  a  sample 
for  actuators  subjected  to  step  voltage  changes  of  5  volts.  The  displayed  histories  are  for 
helical  actuators  that  have  a  coil  diameter  of  3/8  in  (0.938  cm)  and  29  turns. 

Figure  5-a  shows  the  response  to  a  step  input  voltage  to  be  an  exponential  approach 
to  a  steady  state  plateau.  At  this  point,  the  actuation  force  resulting  from  the  phase 
change  is  counterbalanced  by  the  compressive  force  generated  in  the  return  spring  and  a 
state  of  equilibrium  is  attained.  When  the  voltage  is  switched  off,  the  actuator  cools,  by 
natural  convection,  and  softens  as  it  passes  through  its  transformation  temperature.  In  its 
martensitic  phase  the  actuator  can  be  easily  stretched  to  its  original  unheated  position  by 
the  recovery  of  the  potential  energy  stored  in  the  return  spring.  The  figure  shows  that  the 
expansion  process  of  the  actuator  during  the  cooling  phase  is  also  exponential. 

Two  time  constants,  r*  and  rc,  are  therefore  necessary  to  quantify  the  speed  of  response 
of  the  actuator  during  the  heating  and  the  cooling  processes  respectively.  These  two  time 
constants  are  defined  as: 


Th  =  1-443  f  i  (1) 

and 

rc  =  1.443  (2) 

where  t  c  are  the  times  needed  to  rise  or  drop  to  half  the  maximum  amplitude  of  deflec¬ 
tion  during  heating  and  cooling  respectively. 


10 


FIGURE  5-b.  HEATING  AND  COOLING  TIME  HISTORIES 
FOR  A  35  mils  (0.0875  cm)  ACTUATOR 
WHEN  SUBJECTED  TO  STEP  VOLTAGE  CHANGES  OF  5  VOLTS 


For  the  history  illustrated  in  Figure  5-a  we  have  th.  =  12.1  s  and  rc  =  17.3  s.  Also 
obtained  from  the  figure  is  the  amplitude  of  maximum  travel  of  the  actuator.  0.48  cm,  for 
a  return  spring  with  a  stiffness,  Ks,  of  580  N/m. 

It  is  interesting  here  to  note  that  the  time  history  of  the  input  voltage  signal  exhibits 
a  degree  of  overshoot  during  its  application  to  the  actuator.  This  can  be  attributed  to  a 
change  in  the  electrical  resistance  of  the  actuator  alloy  as  it  undergoes  the  phase  change 
from  martensite  to  austenite,  an  observation  reported  by  Benson  et.  al.(31)  For  a  constant 
current  power  supply  the  increase  in  resistance  results  in  the  slight  decrease  in  the  voltage 
that  one  can  observe  in  the  figure. 

Figure  5-b  indicates  similar  trends  for  an  actuator  made  of  a  35  mils  (0.0875  cm)  wire. 
One  should,  however,  note  that  increasing  the  diameter  of  the  actuator  wire  results  in  a 
significant  increase  in  the  maximum  amplitude  of  deflection.  But,  this  is  at  the  expense  of 
delaying  considerably  the  speed  of  response  during  the  heating  and  the  cooling  processes. 
Under  the  same  conditions  as  those  used  in  testing  the  30  mils  actuator,  the  35  mils 
actuator  produces  a  maximum  travel  of  0.95  cm  with  =  19  s  and  rc  =  26  s. 

A  compilation  of  results  obtained  by  analyzing  histories  of  actuators  made  of  wire 
diameters  of  16,  22,  30,  and  35  mils  (0.04,  0.055,  0.075,  and  0.0875  cm),  subjected  to 
various  levels  of  step  voltage  changes,  up  to  10  volts,  is  given  in  Figures  6-a,  6-b,  and  6-c. 

Figure  6-a  shows  the  effect  of  changing  the  level  of  the  input  step  voltage  on  the 
heating  time  constant,  r>,,  for  actuators  of  different  wire  diameters.  Figures  6-b  and  6-c 
show  the  combined  effect  of  changing  the  input  voltage  and  wire  diameter  on  the  cooling 
time  constant,  rc,  and  on  the  maximum  displacement,  respectively. 

From  Figure  6-a,  it  is  clear  that  increasing  the  wire  diameter  results  in  slowing  the 
response  speed,  during  heating.  This  is  mainly  due  to  the  increased  mass  and  thermal 
capacitance  of  the  actuator.  That  such  a  reduction  in  the  response  speed  can  be  offset  by 
increasing  the  level  of  the  input  voltage  can  also  be  seen  from  Figure  6-a.  The  higher  the 
input  voltage  the  faster  the  actuator  will  go  into  its  phase  transformation  and  the  faster 
it  will  be  able  to  provide  its  force  recovery  capability. 

Increasing  the  actuator  diameter  also  results  in  slowing  the  response  during  cooling, 
as  manifested  in  Figure  6-b.  Improvement  in  the  speed  of  cooling  can  be  achieved  by 
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HELICAL  ACTUATOR  (29  TURNS) 
DIAH  -  35  MILS 


WHEN  SUBJECTED  TO  DIFFERENT  STEP  VOLTAGE  CHANGES 
WITH  NUMBER  OF  TURNS  =  29. 
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reducing  the  level  of  input  voltage,  the  opposite  of  that  required  for  improving  the  heating 
speed. 

Figure  6-c  shows  the  maximum  deflection  of  the  actuators  to  increase  considerably  by 
increasing  either  the  wire  diameter  or  the  level  of  the  input  voltage. 

In  general  one  might  conclude,  therefore,  that  for  control  purposes,  where  the  speed 
of  response  is  of  prime  importance,  actuators  with  smaller  wire  diameters  are  essential. 

(ii)  Effect  of  wire  length.  The  effect  of  the  actuator  wire  length  on  its  time  response 
characteristics  can  be  demonstrated  by  a  sample  of  the  heating  and  cooling  histories  for  a 
16  mils  actuator  manufactured  with  4,  11,  and  15  turns.  This  is  shown  in  Figures  7-a,  7-b, 
and  7-c  respectively.  These  time  responses  were  obtained  for  the  three  actuators  subjected 
to  step  voltage  changes  of  3  volts. 

The  computed  heating  time  constant,  obtained  from  these  figures  are  0.6,  2.2,  and 
2.6  s  for  the  actuator  lengths  of  4,  11,  and  15  turns,  respectively. 

Increasing  the  actuator  length  results,  therefore,  in  slowing  the  response  during  heat¬ 
ing.  This  is  to  be  expected  because  of  the  increase  in  the  thermal  capacitance  of  long 
actuators.  Further,  increasing  the  actuator  length  also  increases  its  electric  resistance, 
JZ,  thereby  reducing  its  electric  power  consumption,  V2/R,  for  a  given  input  voltage,  V. 
These  two  factors  account  for  the  observed  slow  response  during  heating. 

The  computed  cooling  time  constants,  rc,  for  these  same  actuators  are  11.5,  5.6,  and 
2.6  s,  respectively.  Increasing  the  actuator  length  produces  a  significant  improvement  in 
the  response  speed  during  cooling.  Such  an  observation  is  attributed  first  to  the  increase 
in  the  dissipation  surface  area  of  the  wire  and  second  to  the  decrease  in  the  input  electric 
power,  V2 /R  described  above. 

Finally,  a  comparison  between  Figures  7-a  through  7-c  indicates  that  the  actuator 
maximum  displacement  increases  as  the  actuator  length  decreases. 

A  compilation  of  results  obtained  from  the  analysis  of  the  histories  of  other  actuators, 
subjected  to  step  voltage  changes  up  to  10  volts,  is  summarized  in  Figures  8-a,  8-b,  and 
8-c.  The  figures  show  the  effect  that  the  level  of  applied  step  voltage  has  on  the  heating 
time  constant,  cooling  time  constant  and  maximum  deflection  respectively  for  actuators  of 
different  lengths  and  16  mils  in  diameter. 
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FIGURE  7-a.  HEATING  AND  COOLING  TIME  HISTORIES 
FOR  A  16  mils  (0.04  cm)  ACTUATOR 
WHEN  SUBJECTED  TO  STEP  VOLTAGE  CHANGES  OF  3  VOLTS 
WITH  NUMBER  OF  TURNS  =  4. 


FIGURE  7-b.  HEATING  AND  COOLING  TIME  HISTORIES 
FOR  A  16  mils  (0.04  cm)  ACTUATOR 
WHEN  SUBJECTED  TO  STEP  VOLTAGE  CHANGES  OF  3  VOLTS 
WITH  NUMBER  OF  TURNS  =  11. 


FIGURE  7-c.  HEATING  AND  COOLING  TIME  HISTORIES 
FOR  A  16  mils  (0.04  cm)  ACTUATOR 
WHEN  SUBJECTED  TO  STEP  VOLTAGE  CHANGES  OF  3  VOLTS 
WITH  NUMBER  OF  TURNS  =  15. 
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16  MILS  HELICAL  ACTUATOR 
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NO  OF  TURNS  16  NILS  HELICAL  ACTUATOR 
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FOR  WIRE  DIAMETER  OF  10  mils  (0.04  cm). 


Figures  9-a,  9-b,  and  9-c  show  the  corresponding  characteristics  when  the  wire  diam¬ 
eter  of  the  actuator  is  increased  to  25  mils  (0.0625  cm). 

(iii)  Effect  of  cooling  strategy.  The  effect  of  changing  the  cooling  strategy  of  the 
actuator  from  natural  to  forced  convection,  is  studied  for  actuators  that  are  made  of  16 
mils  wires  with  29  turns.  Figures  10-a  through  10-e  show  the  histories  during  cooling 
obtained  by  blowing  air  on  the  actuator,  at  velocities  ranging  between  0  and  7.2  m/s.  In 
these  figures,  the  actuator  is  subjected  to  step  voltage  changes  of  10  volts.  It  is  evident 
that  the  speed  of  response  of  cooling  is  improved  significantly  with  increased  convection 
currents.  For  example,  for  a  convection  velocity  of  7.2  m/s,  the  cooling  time  constant 
drops  to  2.6  s.  The  figures  further  indicate  that  forced  air  convection  has  not  affected  the 
response  history  during  heating,  nor  has  it  affected  the  maximum  amplitude  of  deflection 
to  any  significant  extent. 

A  summary  of  the  results  obtained  from  the  analysis  of  Figures  10-a  through  10-e  is 
given  in  Figure  11. 

2.2  Straight  Actuators. 

The  effect  of  using  plain  straight  wires,  on  the  dynamic  characteristics  of  the  actuators 
is  studied  for  actuators  made  of  16  mils  (0.04  cm)  wires. 

Figures  12-a,  12-b,  and  12-c  summarize  the  effect  of  the  applied  voltage  on  the  heat¬ 
ing  and  cooling  time  constants  and  on  the  maximum  deflection  for  straight  actuators  of 
different  lengths.  These  figures  exhibit  the  same  trends  observed  in  the  case  of  helical 
actuators  but  most  importantly  one  could  see  that  the  heating  and  cooling  time  constants 
are  much  smaller.  Furthermore,  the  voltages  required  to  energize  the  actuator  are  also 
much  smaller.  But  these  advantages  are  at  the  expense  of  smaller  deflections. 

C-  Frequency  Response. 

The  response  characteristics  of  the  NITINOL  actuator  subjected  to  pulsating  voltage 
changes  of  different  frequencies  is  studied  for  a  helical  actuator  made  of  16  mils  (0.04  cm) 
wire  with  29  turns. 
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25  MILS  HELICAL  ACTUATOR 
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FOR  WIRE  DIAMETER  OF  25  mils  (0.0625  cm). 
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FIGURE  10- a.  COOLING  AIR  VELOCITY  =  0  m/s. 


FIGURE  10-b.  COOLING  AIR  VELOCITY 


FIGURE  10-c.  COOLING  AIR  VELOCITY 


FIGURE  10-d.  COOLING  AIR  VELOCITY 


FIGURE  10-e.  COOLING  AIR  VELOCITY 
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16  NILS  STRAIGHT  HIRE  ACTUATOR 
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STRAIGHT  WIRE  ACTUATORS  OF  DIFFERENT  LENGTH 
AND  16  mils  IN  DIAMETER. 
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STRAIGHT  WIRE  ACTUATORS  OF  DIFFERENT  LENGTH 
AND  16  mils  IN  DIAMETER. 


16  MILS  STRAIGHT  HIRE  ACTUATOR 


STRAIGHT  WIRE  ACTUATORS  OF  DIFFERENT  LENGTH 
AND  16  mils  IN  DIAMETER. 


1.  Testing  Facility. 

Figure  13  shows  a  schematic  drawing  of  the  testing  facility  used  for  studying  the 
frequency  response  of  the  NITINOL  actuators.  The  core  of  the  facility  is  a  microprocessor 
(6510),  A,  to  which  a  peripheral  adapter  (PLA-MC6821),  B,  is  interfaced.  The  adapter 
is  used  to  drive  a  high  voltage/high  current  Darlington  Transistor  (MC  1416)  driver,  C, 
which  is  used  to  energize  a  relay  coil,  D.  When  energized  the  coil  allows  for  a  constant 
voltage  from  the  power  supply,  E,  to  be  applied  across  the  actuator,  F.  The  level  of  the 
input  voltage  step  can  be  controlled  by  a  potentiometer.  The  resulting  displacement  of 
the  actuator  is  monitored  by  the  LVDT  displacement  sensor.  The  displacement  and  input 
pulsating  voltage  signals  are  recorded  and  plotted  on  a  chart  recorder. 

2.  Results 

(i)  With  natural  cooling.  Figures  14-a,  14-b,  and  14-c  show  the  histories  of  the 
displacement  of  the  NITINOL  actuator  when  subjected  to  pulsating  voltage  inputs  of  10 
volts,  at  frequencies  of  1/36,  1/20,  and  1/7,  respectively. 

Figure  14-a  shows  an  oscillatory  response  with  the  maximum  deflection  point,  A, 
obtained  during  heating  and  another  maximum,  B,  other  than  its  original  position,  C, 
obtained  during  cooling.  This  type  response  is  attributed  to  a  very  slow  cooling  process 
which  does  not  allow  the  actuator  to  attain  its  original  temperature  before  the  second 
pulse  is  applied. 

Increasing  the  frequency  of  application  of  the  pulsating  voltage  to  1/10  Hz  results  in 
the  response  shown  in  Figure  14-b.  The  figure  indicates  that  the  actuators  response  is  still 
oscillatory  but  with  reduced  amplitude  of  oscillation.  Also,  the  maximum  deflection  of  the 
actuator  is  observed  to  be  reduced  slightly  with  the  increased  excitation  frequency. 

Further  increase  in  the  excitation  frequency  to  1/7  Hz  has  the  actuator  reach  a  static 
postion,  as  shown  in  Figure  14-c,  which  is  slightly  lower  than  those  attained  at  the  two 
lower  frequencies.  Under  such  conditions  the  actuator  is  not  responding  to  the  input  exci¬ 
tations  as  it  beomes  incapable  of  cooling  down  because  of  the  frequent  heating  effect.  An 
equilibrium  state  is  attained  in  which  the  heat  losses  form  the  actuator  are  counterbalanced 
by  the  electric  heat  which  is  supplied  over  very  short  periods  of  time. 
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FIGURE  14-a.  HEATING  AND  COOLING  TIME  HISTORIES 
FOR  16  mils  ACTUATOR  WITH  29  TURNS 
WHEN  SUBJECTED  TO  SUDDEN  VOLTAGE  CHANGES  OF  10  VOLTS 
AT  A  FREQUENCY  OF  1/36  Hz  UNDER  NATURAL  COOLING  CONDITIONS. 
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FIGURE  14-c.  HEATING  AND  COOLING  TIME  HISTORIES 
FOR  16  mils  ACTUATOR  WITH  29  TURNS 
SUBJECTED  TO  SUDDEN  VOLTAGE  CHANGES  OF  10  VOLTS 
AT  A  FREQUENCY  OF  1/7  Hz  UNDER  NATURAL  COOLING  CONDITIONS. 
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(ii)  With  forced  cooling  strategy.  When  air  flows  past  the  actuator  at  a  velocity 
of  7.2  m/s.  a  considerable  improvement  in  the  actuator  frequency  response  characteristics 
results.  Figures  15-a,  15-b.  and  15-c  show  such  irr.t-r  •  rnent  for  excitation  frequencies  of 
1/36,  1/20,  and  1/7  Hz  respectively.  For  the  two  ...*«•  frequencies  the  actuator  responds 
completely  to  the  input  excitations,  oscillating  betwe»  •  :ts  original  position  and  the  max- 
imum  deflection  limit.  At  the  higher  frequency  l;rr.:t  the  performance  deteriorates  but  it 
is  still  far  superior  to  that  recorded  with  the  natural  cooling. 

Figure  16  provides  a  comparison  between  the  frequency  response  characteristics  of 
the  NITINOL  actuator  as  influenced  by  the  cooling  strategy.  In  this  figure,  the  amplitude 
ratio  is  defined  as  the  ratio  of  the  actual  travel  of  the  actuator  to  its  maximum  travel.  The 
considerable  improvement  obtained  for  a  forced  cooling  strategy  in  the  actuator  frequency 
response  characteristics,  is  clearly  seen. 

V.  MATHEMATICAL  MODELING  OF  THE  DYNAMIC  CHARACTERISTICS 

OF  THE  NITINOL  ACTUATOR 

A  simplified  mathematical  model  is  developed  in  this  section  to  enable  prediction 
of  the  dynamical  characteristics  of  the  NITINOL  actuator.  The  model  will  incorporate 
the  requirements  of  energy  and  momentum  balance  as  well  as  a  model  for  the  phase 
transformation.  The  development  of  the  model  is  guided  by  the  experimental  results 
obtained  in  the  previous  section. 

A.  The  Model. 

Figure  17  shows  a  schematic  drawing  of  a  typical  NITINOL  actuator  system  similar 
to  the  test  set-up  used  in  this  study. 

1.  Energy  and  Phase  Transformation  Equations. 

A  voltage,  V ,  and  current,  /,  are  applied  to  a  NITINOL  actuator,  originally  at  ambient 
temperature,  Ta,  results  in  a  temperature,  T,  which  changes  with  time,  t,  as  governed  by 
an  equation  of  energy  balance, 

energy  input  =  energy  lost  -I-  energy  stored , 
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FIGURE  15-b.  HEATING  AND  COOLING  TIME  HISTORIES 
FOR  16  mils  ACTUATOR  WITH  29  TURNS 
WHEN  SUBJECTED  TO  SUDDEN  VOLTAGE  CHANGES  OF  10  VOLTS 
VOLTS  AT  A  FREQUENCY  OF  1/20  Hz  UNDER  FORCED  COOLING  CONDITION 

(AIR  COOLING  VELOCITY  =  7.2  m/s). 
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FIGURE  15-c.  HEATING  AND  COOLING  TIME  HISTORIES 
FOR  16  mils  ACTUATOR  WITH  29  TURNS 
WHEN  SUBJECTED  TO  SUDDEN  VOLTAGE  CHANGES  OF  10  VOLTS 
AT  A  FREQUENCY  OF  1/7  Hz  UNDER  FORCED  COOLING  CONDITIONS 

(AIR  COOLING  VELOCITY  =  7.2  m/s). 
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FIGURE  17.  SIMPLIFIED  DRAWING  OF 
A  TYPICAL  NITINOL  ACTUATOR  SYSTEM. 
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where 

h 

A 


V  ■  I  =  hA{T  -  7. 


(3) 


is  the  convective  heat  transfer  coefficient  een  actuator  and  ambient 
is  actuator  surface  area,  given  by 


A  =  ndL  .  (4) 

d  is  diameter  of  actuator  wire 
L  is  length  of  actuator  wire 
m  is  actuator  mass,  given  by 


m  —  p—d2L  (5) 

4 

and 

p  is  density  of  actuator  material. 
cp  is  specific  heat  of  actuator  material. 

Figure  18-b  shows  a  typical  temperature  history  of  the  actuator,  subjected  to  the 
sudden  voltage  change,  displayed  in  Figure  18-a.  The  wire  temperature  rise  is  exponential, 
a  form  dictated  by  Equation  (3).  When  the  wire  temperature  reaches  its  phase  transfor¬ 
mation  temperature,  Tt ,  its  temperature  will  remain  constant  at  Tt  until  the  process  of 
phase  transformation  is  completed. 

The  time,  needed  to  reach  Tt  can  be  determined  from  Equation  (3), 


*1  =  Uh  In 


1 


/ 1  _  (Tt-JT.)  i 
i1  (vi/Ka)\ 

where  rth  is  the  thermal  time  constant  of  the  NITINOL  actuator,  given  by 


(6) 


Tth 


mcp 

hA 


(7) 
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Also,  the  time,  ( 1 2  —  1 1 ) ,  needed  to  complete  the  phase  transformation  can  be  determined 
from: 


(t  2  ~  1 1)  =  4  Th 


(8) 


ij 

where  r*  is  the  heating  time  constant  of  the  actuator  to  be  determined  from  dimensionless 
modelling  of  the  experimental  results. 

Once  this  phase  transformation  is  completed  the  wire  will  start  warming  again  until 
it  reaches  a  maximum  temperature  (Tmax),  given  by 


Tj max 


^  VI 


after  a  time  period  (t3  —  t2 ),  given  by 


(9) 


(* 3  -  <2)  =  4TtK  -  ti  .  (10) 

If  the  applied  voltage  (V)  is  switched  off  suddenly,  the  NITINOL  actuator  will  begin 
to  cool  as  heat  is  lost,  a  process  that  is  accelerated  by  natural  convection.  After  a  period 
of  time  (f 4  —  t3) ,  given  by 


(*4  -  ta)  =  Tth\n 


(^rnax  ^q) 

(Tt-T.)  i 


(11) 


the  actuator’s  temperature  reaches  the  martensite  transformation  temperature  Tt ■  At 
that  temperature  the  NITINOL  starts  to  transform  from  austenite  to  martensite  as  it 
loses  its  latent  heat  to  the  ambient.  This  transformation  will  take  place  over  a  period  of 
time  (*5  —  f4)  given  by: 


(t5-*4)=4rc  (12) 

where  rc  is  the  cooling  time  constant  of  the  actuator  to  be  determined  from  dimensionless 
modelling  of  the  experimental  results. 

Following  the  completion  of  this  transformation  process  the  actuator  continues  to  cool 
exponentially  from  T?  to  Ta  over  a  time  period  ( te  —  ts )  given  by: 


(t6  -ts)  =  4rth  -  (t4  -  iz)  (13) 

Equations  (5)  through  (13)  describe  completely  the  thermal  behavior  of  a  NITINOL 
actuator  when  subjected  to  step  voltage  changes. 

2.  Equation  of  Motion. 

The  motion  of  the  NITINOL  actuator  is  caused  by  the  generation  and  the  recovery 
of  forces  resulting  from  its  phase  transformation.  Figure  18c  shows  the  history  of  these 
phase  transformation  forces,  conforming  to  the  temperature  history  outlined  above.  As 
indicated,  forces  resulting  form  the  thermal  expansion  and  contraction  of  the  wire  during 
its  heating  (from  Ta  to  Tx)  and  cooling  (from  Tx  to  Ta)  are  neglected  in  comparison  to 
the  much  larger  phase  transformation  forces.  Furthermore,  it  is  assumed  that  the  phase 
transformation  forces  are  generated  and  recovered,  during  the  phase  change,  exponentially 
in  time. 

With  such  simplifying  assumptions,  one  can  write  the  equations  that  govern  the  mo¬ 
tion  of  the  actuator  and  appendages  attached  to  it  as  follows: 


Msx  +  (Kg  +  Kw)x  =  F  (14) 

where 

Ma  is  the  equivalent  mowing  mass  of  the  actuator  and  its  attached  appendages 
Kg  is  the  stiffness  of  the  return  spring 
Kw  is  the  stiffness  of  the  actuator  given  by^32) 
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Kw  =  g£)3jy  (for  helical  actuators)  , 

is  modulus  of  rigidity  of  NITINOL 
is  the  coil  diameter  of  the*  actuator 
is  the  number  of  turns  of  the  actuator 
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(for  straight  wire  actuators)  , 


(15) 


U2 


(16) 


E  is  Young’s  Modulus  of  elasticity  of  NITINOL 

F  is  the  force  acting  on  the  actuator  system  given  by: 

F  =  0  For  0  <t<ti  (a) 

=  FmAX(l  -  e7^)  ti<t<t2  (6) 

=  iw  h<t<t4  (c)  (17) 

=  Fm3X[e~L^}  t4<t<ts  (d) 

=  0  ts  <  t  <  t6  (e)  , 

where 

Fmzx  =  [Ks  +  KW)X  max  *  (18) 

with  ATmax  as  the  maximum  deflection  of  actuator  to  be  determined  from  dimensionless 
modelling  of  the  experimental  results. 

The  displacement  history  of  a  NITINOL  actuator  subjected  to  sudden  voltage  changes 
is  obtained  on  integrating  Equation  (14).  The  result  is  shown  in  Figure  18d.  It  is  seen 
that  the  actuator  remains  stationary  until  its  temperature  reaches  the  phase  transforma¬ 
tion  temperature  Tj.  Then,  it  starts  shrinking  according  to  the  second  order  differential 
Equation  (14)  under  the  influence  of  the  gradually  increasing  phase  transformation  force 
F,  of  Equation  (17b).  A  final  steady  state  deflection  Xm*x  is  then  attained  and  maintained 
as  long  as  the  applied  voltage  is  maintained. 

Once  the  applied  voltage  is  switched  off,  the  actuator  will  stay  stationary  at  Xmax  for 
a  duration  of  (t4  —  t 3)  until  its  temperature  cools  to  Tt-  At  that  point,  the  phase  recovery 
force  will  gradually  bring  the  actuator  back  to  its  original  position.  This  is  then  followed 
by  a  period  (t$  —  t5)  during  which  the  actuator  remains  stationary  as  it  continues  to  cool, 
once  again  achieving  the  temperature  of  the  ambient. 

It  is,  therefore,  evident  that  the  three  processes  of  heating  and  cooling,  phase  trans¬ 
formation  as  well  as  actuator’s  motion  are  interacting  closely  to  control  the  operation 
of  the  actuator.  Furthermore,  the  developed  model  shows  that  the  physical  properties 
of  the  NITINOL  (p,cp,Tr,G,  and  E),  the  geometrical  design  parameters  of  the  actuator 
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( d,D,L ,  or  TV),  the  cooling  strategy  ( h )  and  the  operating  conditions  (V,  I,KS,  and  Ma) 
each  alone  and  all  combined  influence  the  dynamic  performance  of  the  actuator  system. 

In  order  to  complete  the  development  of  th<  d-.  model  of  the  NITINOL  actuator, 

one  must  describe  the  three  parameters  rc  ar.  i  A  .  ..  •  terms  of  the  physical  properties, 
geometrical  parameters  as  well  as  the  cooling  a:.  :  :  >  -«r.':ng  conditions.  This  process  is 

achieved  through  dimensionless  modelling  of  the  ex;.*  -.mental  results. 

B.  Dimensionless  Modeling  of  the  NITINOL  Actual  r 

In  view  of  the  developed  model  of  the  NITINOL  actuator,  one  can  easily  see  that 
there  are  19  main  parameters  that  influence  its  performance.  These  parameters  are: 

(i)  Physical  properties  of  actuator 


1.  density 

P 

kg/m3 

2.  specific  heat 

cv 

J/kg  °C 

3.  Latent  heat  of  transformation 

Ql 

J/kg 

4.  Transformation  Temperature 

Tt 

°C 

5.  Young’s  Modulus  of  Elasticity 

E 

N/m2 

(ii)  Geometrical  design  parameters  of  actuator 

6.  Wire  diameter 

d 

m 

7.  Wire  length 

L 

m 

(iii)  Cooling  strategy  parameters 

8.  Convective  heat  transfer  coefficient 

h 

w/m2  °C 

9.  Density  of  cooling  medium 

Pa 

kg/m? 

10.  Conductivity  of  cooling  medium 

w/m  °C 

11.  Viscosity  of  cooling  medium 

Pa 

kg/ms 

12.  Thermal  expansion  coefficient  of 

cooling  medium 

0 

o  C-1 
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13.  Specific  heat  of  cooling  medium 

14.  Gravitational  acceleration 

15.  Temperature  of  cooling  medium 


Ca 

J/kg 

9 

m/s2 

Ta 

°C 

(iv)  Operating  conditions 

16.  Mass  of  elastic  system 

connected  to  actuator 

M, 

kg 

17.  Stiffness  of  elastic  system 

K , 

N/m 

18.  Applied  voltage  to  actuator 

V 

volts 

19.  Applied  current  to  actuator 

I 

Amp 

Accordingly,  one  can  write  15  independent  dimensionless  groups  which  are: 


1.  Nusselt  number 

2.  Grashoff  number 

3.  Prandtl  number 

4.  Thermal  expansion  number 

5.  Density  ratio 

6.  Specific  heat  ratio 

7.  Length  to  diam  ratio 

8.  Stiffness  ratio 

9.  Thermal  dynamic  time  constant  ratio 

10.  Transformation  to  cooling  medium 

temperature  ratio 

11.  Maximum  wire  to  cooling  medium 

temperature  ratio 

12.  Stored  to  transformation  thermal 

heat  energy  ration 


Nu  —  hd/ka 

Gr  =  g(3(TT-Ta)d3/ 

Pr  =  cana/ka 

pTa 

Pa/P 

Co/Cp 

Lid 

=  KtL/  jd2 E  for  straight  wire  actuator 

pCrd>  (TOT) 

TrlTa 
—  IT 

hA  '  J  ° 

Cp(Ir  -  Ta)/QL 
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13.  Mass  ratio 

14.  Elastic  to  transformation  energy  ratio 

15.  Dimensionless  time 


P*Ld*/Mt 

E/pQl 


These  fifteen  independent  groups  can  be  used  to  model  the  experimental  results  in 
a  dimensionless  form.  This  can  be  useful  in  extending  the  applicability  of  the  model  to 
actuators  of  other  geometries  operating  under  different  operating  conditions  using  the 
developed  dimensionless  similarity  conditions. 


The  developed  15  dimensionless  groups  are  used  to  model  r^,rc  and  by  writing 


where  the  constants  a0  through  a8,  60  through  bs,  and  cq  through  eg  are  to  be  determined 
from  the  test  data  using  nonlinear  multivariable  regression  analysis^33) .  In  writing  these 


equations  we  included  only  the  dimensionless  groups  that  were  pertinent  to  the  experi¬ 
mental  procedures.  Other  groups  that  were  not  varied  during  the  testing  protocols  were 
excluded.  Table  3  lists  the  computed  values  of  the  coefficients  in  Equations  (19)  through 
(21). 

Table  3.  MODELING  COEFFICIENTS  FOR  rh,re,  AND  Xmax 


Coefficient 

Subscript 

a 

b 

c 

0 

2.57  x 1026 

1.746X1037 

0.794  xlO-6 

1 

-2.6020 

-2.48600 

0.69910 

2 

0.4080 

0.53300 

-0.40160 

3 

-0.6945 

-1.13500 

1.09490 

4 

0.0305 

0.00372 

0.02885 

5 

-4.1190 

-7.06000 

0.98220 

6 

-1.0726 

0.65840 

-0.47800 

7 

-0.1196 

-1.25710 

-0.00373 

8 

-3.7000 

-3.65300 

2.64600 

Figures  19-a,  19-b,  and  19-c  show  a  comparison  between  the  experimental  and  the  mod¬ 
elled  dimensionless  r^,  rc  and  Xmax  respectively.  The  figures  indicate  that  the  obtained 
dimensionless  models  simulate  closely  the  experimental  results.  This  is  manifested  clearly 
by  the  computed  multiple  correlation  coefficients  which  are  found  to  be  0.925,  0.868  and 
0.910  for  rh,  rc  and  ATmax  respectively. 

The  mathematical  model  of  the  actuator  given  by  Equations  (3)  through  (18)  along 
with  the  dimensionless  Equations  (19),  (20)  and  (21)  can  be  used  to  describe  the  thermal 
and  dynamic  behavior  of  NITINOL  .actuators  of  different  geometries,  subjected  to  various 
operating  conditions.  These  equations  are  utilized  as  a  basis  for  designing  active  vibration 
control  systems  that  are  based  on  NITINOL  actuators. 

VI.  DESIGN  AND  TESTING  OF  ACTIVE  CONTROL  SYSTEM 

USING  NITINOL  ACTUATOR 


The  developed  experimental  and  theoretical  characteristics  of  NITINOL  actuators 
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DEVICES 


LC2M0S 

High  Speed  4-  &  8-Channel  8-Bit  ADCs 
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FEATURES 

4*  or  8-Anaiog  Input  Channels 

Built-In  Track/Hold  Function 

10k Hi  Signal  Handling  on  Each  Channel 

Fast  Microprocessor  Interface 

Single  ♦  5V  Supply 

Low  Power:  40mW 

Fast  Conversion  Rate,  2.5tia/Channel 

Tight  Error  Specification:  1/2LS8 
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GENERAL  DESCRIPTION 

The  AD7824  and  AD7828  are  high-speed,  multichannei,  8-bit 
ADCs  with  a  choice  of  4  (AD7824)  or  8  i  AD7828)  multiplexed 
analog  inputs.  A  half-flash  conversion  technique  gives  a  fast 
conversion  rate  of  2 .5m_s  per  channel  and  the  parts  have  a  built-in 
track/hold  function  capable  of  digitizing  full-scale  signals  of  up 
to  10kHz  (157tnV/p.s  slew  rate)  on  all  channels.  The  AD7824 
and  AD7828  operate  from  a  single  +  5V  supply  and  have  an 
analog  input  range  of  0  to  +  SV,  using  an  external  +  5V 
reference. 

Microprocessor  interfacing  of  the  pans  is  simple,  using  standard 
Chip  Select  (CS)  and  Read  (RD)  signals  to  intitiate  the  conversion 
and  read  the  data  from  the  three-sute  data  outputs.  The  half-flash 
conversion  technique  means  that  there  is  no  need  to  generate  a 
clock  signal  for  the  ADC.  The  AD7824  and  AD7828  can  be 
interfaced  easily  to  most  popular  microprocessors. 

The  AD7824  and  AD7828  are  fabricated  in  an  advanced,  ail 
ion-implanted,  Linear-Compatible  CMOS  process  (LCJMOS) 
and  have  low  power  dissipation  of  40m  W  (typ).  The  AD7824  is 
available  in  a  0.3"  wide,  24-pin  “skinny”  DIP,  while  the  AD7828 
is  packaged  in  a  0.6"  wide,  28-pin  DIP. 

PRODUCT  HIGHLIGHTS 

1 .  4-  or  8-channel  input  multiplexer  gives  cost-effective  space¬ 
saving  multichannel  ADC  system. 

2.  Fas;  conversion  rate  of  2.5|±s/channel  features  a  per  channel 
sampling  frequency  of  IOOkHz  ior  the  AD7824  or  50kHz  for 
the  AD7828. 


.  *  ?  v  •■y.i 

3.  Built-in  track-hold  function  allows  handling  of  4-  or  8-channels 
up  to  10kHz  bandwidth  (157mV/ps  slew  rate). 

4.  Tight  total  unadjusted  error  spec  and  channel-to-channei 
matching  eliminate  the  need  for  user  trims. 

5.  Single  +5V  supply  simplifies  system  power  requirements. 

6.  Fast,  easy-to-use  digital  interface  allows  connection  to  most 
popular  microprocessors  with  minimal  external  components. 
No  clock  signal  is  required  for  the  ADC. 

AD7824/AD7828  FUNCTIONAL  DIAGRAM 
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tion  or  otherwise  under  any  patent  or  patent  rights  of  Analog  Device*. 


Routt  1  Industrial  Park;  P.O.  Box  280:  Norwood.  Maaa.  02062 
Ttl:  617/329-4700  TWX:  7101394-6677 

Watt  Coast  MM-Wsst  Tsxas 

714/641-9391  312^K3-5000  214.231-5C94 


FEATURES 

Four  8-Bit  DACs  with  Output  Amplifiers 
0.3"  Wide,  20-Pin  DIP 
Microprocessor  Compatible 
TTL/CMOS  Compatible 
No  User  Trims 

Single  Supply  Operation  Possible 

APPLICATIONS 
Process  Control 
Automatic  Test  Equipment 

Automatic  Calibration  of  Large  System  Parameters 
e.g.,  Gain/Offset 


GENERAL  DESCRIPTION 

The  AD7226  contains  four  8-bit  voluge-output  digiul-to-anaJog 
converters,  with  output  buffer  amplifiers  and  interface  logic  on 
a  single  monolithic  chip.  No  external  trims  are  required  to 
achieve  full  specified  performance  for  the  part. 

Separate  on-chip  latches  are  provided  for  each  of  the  four  D'A 
converters.  Data  is  transferred  into  one  of  these  data  latches 
through  a  common  8-bit  TTL/CMOS  (5  V)  compatible  input 
port.  Control  inputs  AO  and  A1  determine  which  DAC  is  loaded 
when  WR  goes  low.  The  control  logic  is  speed-compatible  with 
most  8-bit  microprocessors. 

Each  D/A  convener  includes  an  output  buffer  amplifier  capable 
of  dnvtng  up  to  5mA  of  output  current.  The  amplifiers’  offsets 
are  laser-trimmed  during  manufacture,  thereby  eliminating  any 
requirement  for  offset  nulling. 

Specified  performance  is  guaranteed  for  input  reference  voltages 
from  -  2V  to  -  12.5V  with  dual  supplies.  The  part  is  also  specified 
for  single  supply  operation  at  a  reference  of  *  10V. 

The  AD7226  is  fabricated  in  an  all  ion-implanted  high  speed 
Linear  Compatible  CMOS  (LC2MOS)  process  which  has  been 
specifically  developed  to  allow  high  speed  digital  logic  circuits 
and  precision  analog  circuits  to  be  integrated  on  the  same  chip. 

PRODUCT  HIGHLIGHTS 

1.  DAC-to- DAC  Matching: 

Since  all  four  DACs  are  fabricated  on  the  same  chip  at  the 
same  time,  precise  matching  and  tracking  between  the  DACs 
is  inherent. 

2.  Single  Supply  Operation: 

The  voltage  mode  configuration  of  the  DACs  allows  the 
AD7226  to  be  operated  from  a  single  power  supply  rail. 


3.  Microprocessor  Compatibility: 

The  AD7226  has  a  common  8-bit  data  bus  with  individual 
DAC  latches,  providing  a  versatile  control  architecture  for 
simple  interface  to  microprocessors.  All  latch  enable  signals 
are  level  triggered. 

4.  Small  Size: 

Combining  four  DACs  and  four  op-amps  plus  interface  logic 
into  a  small,  0.3'  wide,  20-pin  DI?  allows  a  dramatic  reduction 
in  board  space  requirements  and  offers  increased  reliability 
in  systems  using  multiple  conveners.  Its  pinout  is  aimed  at 
optimizing  board  layout  with  all  the  analog  inputs  and  outputs 
at  one  end  of  the  package  and  all  the  digital  inputs  at  the 
other. 

AD7226  FUNCTIONAL  BLOCK  DIAGRAM 
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SINGLE  SUPPLY 
SPECWTlONSt- 

parameter  _ - - - " 

STATIC  PERFORMANCE 
Resolution 

Tool  Unadjusted  Error  ^ 

Differential  Nonlinearity^ — - - - 

REFERENCE  input 

Input  Resistance  ^ 

Input  Capacitance 

DIGITAL  INPUTS 

Input  High  Voltage,  Vjkh 

Input  Low  Voluge,ViKL 

Input  Leakage  Current 

Input  Capacitance 

Input  Coding  - — 

dynamic-p^ormance 

Voltage  Output  Slew  W 
Voltage  Output  SetitagTime 

Positive  Full  Scale  Change 
Negative  Full  Scale  Change 

Dtgiul  Crosstalk3 

vt  .n'.rmim  Load  Resistant - - 

POWER  SUPPLIES 
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<S25*C 
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pF  min 
pF  max 

V  min 

V  max 

tiAcsax 

pF  max 


V/pa  min 

max 
pa  max 

nVsecstyp 

kftmin 


C0ND!T10NS^C0MMENTS_ 


Guaranteed  Monotonic 


14.25  to  15.75  Vmjn/Vmax 

13  mA  max 


n»  mm 
os  min 

ns  min 
ns  min 

ns  min 
ns  min 

ns  min 
ns  min 

os  min 
ns  min 
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-S  '  NATION  INSTRUCTIONS  576013-190 
for  ail: 


5  -  24  VDC,  2  Wire,  N.C.  Proportional  {NAMIn'l 
Output  model? 


having  9-digit  part  numbers  v  iti  the  foliowim. 
specific  designations 

/VhufC  "X”  c«n  bo  w 


6XXXX6*3XX  MUMilMH  Of)  Whin. 
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This  swil.ch  is  suggested  for  use  with  the 
following  V  coder- Root  amplifiers: 
GGGOIO-itW.  CC/.W  1 0-1 01,  and  GG9010-I02. 


A.  NOMINAL  ELECTRICAL  CHARACTERISTICS 


Eioctricoi  Chnractarisltco 

Operating  VoiiiM|<:  Lmutr. 

wiib  l.uuif  N»::si:;Innr»t  ftt.  n|  tK  (  » 

w iiit  La’iit  Uetiiulancu  ML  of  2K  y\. 

!»•  1  !iVI)C 

1  2-2AVDC 

Current  Consumption  Target  Prcscm 

51mA 

Current  Consumption  Target  Alir.ont 

<f.  4  in  A 

Max.  Current  Consumption 

10mA 

Ambient  Toinpormuro 

Opurulmy  Mango 

-25°C  io  ♦75“C 

For  full  product  specifications,  please  consult  the  catalog. 


B.  LOCATION  SELECTION.  Veeder-Root  inductive  prox¬ 
imity  switches  detect  all  metal  targets  approaching  the 
sensing  face  laterally  (slide-by  model,  axially  (head-on 
mode),  or  in  any  other  direction.  Veeder-Root  does  not 
recommend  the  use  of  the  axial  mode  (head-on)  when  the  ap¬ 
plication  might  expose  the  switch  to  damugc  by  being 
struck  by  Lite  LurgcL  should  some  conlroi  device  not  operate 
properly.  — 

WARNING:  IN  INSTALLATION  AND  USE  OF  THIS 
PRODUCT,  COMPLY  WITH  THE  NATIONAL 
ELECTRICAL  CODE;  FEDERAL,  STATE  AND 
LOCAL  CODES;  AND  ANY  OTHER  APPLICABLE 
SAFETY  CODES.  IN  ADDITION,  TURN  OFF 
POWER  AND  TAKE  OTHER  NECESSARY 
PRECAUTIONS  DURING  INSTALLATION  TO 
PREVENT  PERSONAL  INJURY,  PROPERTY 
LOSS  AND  EQUIPMENT  DAMAGE.  IF  IN¬ 
STALLATION  IS  TO  BE  IN  A  VOLATILE,  COM¬ 
BUSTIBLE  OR  EXPLOSIVE  ATMOSPHERE,  1  IS 
PRODUCT  MUST  BE  HOUSED  IN  AN  VP- 
PROPRIATE  ENCLOSURE  AS  REQUIRED  1  Oil 
USE  IN  SUCH  ATMOSPHERE  BY  NATIOJ  A, 
ELECTRICAL  CODE  AND  ANY  LOCAL  AP¬ 
PLICABLE  STANDARDS. 

1.  Select  locations  which  allow  easy  installation  and  inspec¬ 
tion.  Avoid  locations  where  approaching  targets  are  sub¬ 
ject  to  direct  contact  with  switch.  Avoid  locations  v.  i  re 
excessive  accumulations  of  chips,  dust  or  dirt  exist. 

2.  Avoid  locations  where  the  switch  is  located  in  wa  or  or 
where  it  is  subject  to  jel.s  of  liquid  or  continuous  liqu-J 
splashes. 

3.  Minimum  spocings  as  described  in  the  catalog  mut  Je 
maintained  belween  two  or  more  proximity  switches  i  id 
when  metallic  object,  other  than  the  target,  exists  in  ;1  e 
area  surrounding  the  detecting  field. 

C  INSTALLING  THE  PROXIMI’  'Y  SWITCH.  Af.er 
considering  the  factors  described  in  i  n  graph  U,  solov  I  : 
mounting  site  (or  the  switch.  Positior  Lite  switch  so  ti,e 
target  moves  laterally  past  the  sensing  face  of  the  switch. 

The  lateral  movement  of  the  target  past  the  sensing  face  is 
called  the  Target  Path.  The  nature  of  the  various 
mechanical  linkages,  guides  and  conveyors  that  typically 


move  l  .  gets  pu.st  Lhc  switch  arc  such  that  variations  due 
to  me<  l.anica!  play  and  other  factors  create  a  variable 
Target  Path.  Since  the  sensing  distance  on  some  of  ihesc 
switches  is  very  shorl,  they  must  be  precisely  adjusted. 
Follow  the  procedure  hire  to  determine  the  actual  mount¬ 
ing  rel.i  ionship  betwee*.  the  switch  and  target. 

1.  Position  the  switch  so  the  target  moves  laterally  past  the 
sensing  face  of  the  switch. 

2.  Temporarily  connect  the  switch  to  a  suitable  control 
amplifier  or  to  test  circuit  (See  Figure  1). 

3.  ’Id  see  thut  Lite  switch  and  indicator  art  functioning, 
bring  a  metal  object,  such  as  a  screwdriver  blade,  into  con¬ 
tact  with  the  switch  sensing  face  and  see  that  the  output  in¬ 
dicator  changes  state,  or  reads  less  than  1mA. 

A.  Determine  the  actual  Larget  path  variation  by  examining 
those  items  which  physically  constrain  the  Larget  as  it 
moves  past  the  switch  location. 

5.  ice  the  actual  target  in  the  position  where  it  is  to 
opfi’i  (.e  the  switch.  Place  the  switch  in  its  approximate 
mo  ting  position  but  far  enough  away  from  the  target  so 
the  .vi  h  does  noL  operate. 

6.  lv  ove  the  target  away  from  the  switcu  to  the  outer  ex- 
tremi  .y  </f  the  actual  Larget  path  as  determined  in  step  A. 

7.  Slo  v!;/  move  the  swii  ;h  toward  the  target  until  the 
switch  o  lerates.  Measure  the  distance  from  the  sensing 
face  t(  l1  e  target.  ’Phis  is  the  actual  sensing  distance. 

8.  Mo-  the  switch  toward  the  target  until  the  distance 
from  t.  e  sensing  face  to  the  target  is  80%  of  the  actual 
senate  distance  as  determined  in  step  7.  This  is  the  usable 
sensin  distance  for  the  actual  target  and  allows  for  varia¬ 
tions  i  line  voltage  and  temperature. 

9.  Mr  i  the  ‘argot  toward  the  switch  so  that  the  target  is 
posit  ned  n  the  inner  extremity  of  the  target  path  as 
deter  inch  ii  step  A.  If  the  Larget  touches  the  sensing  iace, 
the  ti  r  :e(  r-Ji  variation  must  be  reduced  or  a  switen  with 
a  gre  t  >r  i  nsing  distance  must  b  ;  s  'lcctcd. 

10.  It  t.v  target  does  not  tout  i  the  sensing  face  of  the 
switcl  k .  ip  the  target  at  the  i  inernr  ost  extremity  of  the 
target  pi  i,  and  move  the  swi  rh  Uv/ard  the  target  'A  of 
the  re  n»*.i  ing  distance.  This  centra  .izos  [lie  target  path 
within  i  he  usable  sensing  dis,  c  •. 

11.  Sec  re  the  switch  to  the  mou  il  ng  surface. 

12.  Di;  mnect  all  power  to  the  switch  and  remove  the  tem- 
porari  connected  indicator.  Connect  desired  load  pc: 
Parag:  ih  D. 


are  used  to  guide  the  design  of  an  active  vibration  control  system  which  uses  a  NITINOL 
actuator  to  suppress  the  vibration  of  a  flexible  cantilever  beam  system. 

A.  The  Flexible  Beam  System. 

(i)  Physical  system.  Figure  20  shows  a  schematic  drawing  of  the  flexible  cantilever 
beam  used  in  this  study.  The  beam  is  2.5  cm  wide,  0.075  cm  thich  and  25  cm  long.  It  is 
made  of  polymethyl  methacrylate  which  has  a  Young’s  Modulus  of  Elasticity  of  3500  Mpa 
and  density  of  1.2  gm/cm3. 

A  simple  3  element  model  is  used  to  describe  the  dynamic  characteristics  of  the  flexible 
beam.  The  first  element  is  5  cm  long  which  is  as  long  as  the  used  NITINOL  wire  actuator 
(A).  The  second  element  is  taken  to  be  2.5  cm  long  such  that  node  2  lies  exactly  at  the 
same  location  as  the  position  sensor  (j?).  The  third  element  represents  the  remaining  part 
of  the  beam. 

In  spite  of  the  simplicity  of  this  model,  the  procedure  used  in  developing  it  and 
integrating  it  with  the  remaining  part  of  the  control  system  is  general,  and  can  be  extended 
to  other  more  complex  systems. 

(ii)  Mathematical  model  of  beam-actuator  element. 

1.  Stiffness  Matrix.  Let  us  consider  the  beam-actuator  element  of  length  Li  extending 
between  nodes  t  and  j  as  shown  in  Figure  21.  Let  us  also  denote  that  the  external  forces 
and  moments  acting  on  nodes  i  and  j  are  V,  and  M,  and  Vy  and  My  respectively.  These 
are  related  to  the  linear  and  angular  deformations  of  the  element  yi  and  fl,  and  yy  and  fly, 
at  nodes  i  and  j  respectively,  by  the  finite  element  constitutive  equations  which  can  be 
written  in  the  matrix  form^34^ 
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EJi 
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~  L* 

-12  -6L,  12  —6  Li 

yy 

.  —My  —  J 

.  6 Li  2 Li  —6 Li  4Li  . 

U-J 

where 

=  flextural  rigidity  of  the  beam-actuator  system 
=  EbIh  +  EaIa  ,  (23) 
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FIGURE  21.  SCHEMATIC  DRAWING  OF  BEAM-NITINOL  ACTUATOR  ELEMENT. 


where 


Ea.b  is  Young’s  Modulus  of  the  actuator  a:  i  b<am  respectively 
Ia>b  is  the  area  of  inertia  of  actuator  aro:  respectively, 

and 

Ms  is  the  control  moment  developed  by  the  Nil  IVjL  actuator.  It  can  be  written  as 
a  product  of  an  actuator  force  and  the  wire  diamete* 

Ms  —  -^actuator  '  d,  (24) 

Introducing  a  shorthand  notation,  Equation  (23)  can  be  written  as 

Fi  =  Ki6i ,  (25) 

where 

F{  is  the  resultant  forces  and  moments  vector  acting  on  the  beam  element  t,  N 

K{  is  the  stiffness  matrix  of  the  beam  -  actuator  element  t,  N/m 

and 

6^  is  the  deflection  vector  of  the  nodes  bounding  the  beam  element,  m  . 

Equation  (25)  applies  to  any  element  of  the  beam,  whether  it  has  a  NITINOL  actuator 
attached  to  it  or  not.  In  the  latter  case,  Ms  is  set  to  zero  and  flextural  rigidity  £,/,  is  set 
equal  to  that  of  the  flexible  beam  element  under  consideration. 

The  force-displacement  characteristics  of  the  individual  elements  of  the  beam-actuator 
system,  given  for  element  i  by  Equation  (25),  are  combined  to  determine  the  overall  stiffness 
of  the  beam  system.  The  equilibrium  conditions  of  the  overall  structure  will  be  expressed 
as  the  external  forces  and  moment  acting  on  the  nodes  of  the  overall  system  =  forces 
and  moments  acting  on  the  elements  at  these  nodes;  or: 

JV  + 1  N  + 1 

F  =  J2  Fi  =  52  K'6<  =  K 6  (26) 

1=1  1=1 

where  K  is  the  overall  stiffness  matrix  of  the  system  (2n  *  2n).  Bathe  and  Wilson^35), 
Yang(36>  and  Fenner (341,  for  example,  show  how  to  generate  the  overall  matrix,  K  from 


the  stiffness  matrices  K{  of  the  individual  elements.  For  the  beam-actuator  system  under 
consideration,  the  overall  stiffness  matrix  K  is  given  in  Table  4  when  a  16  mils  (0.04  cm) 
actuator  is  used. 

2.  Mass  matrix.  The  inertial  properties  of  the  composite  actuator-beam  system  are 
determined  using  the  lumped  mass  method  where  the  mass  and  rotational  inertia  of  each 
element  is  distributed  among  the  nodes  bounding  the  element^37).  The  diagonal  mass 
matrix  M  (2 n  *  2 n)  for  the  actuator-beam  system,  shown  in  Figure  21,  is  written  as 
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(27) 


where  =  \(wb  +  ~iiwa)  *  Li}/2 

j\  =  [(u>6  +  TflU>a)  *  L\)/2 

rrn  =  [(tut  +  *  Li-\  +  (^6  +  7ity0)  *  ii]/2 

Ji  =  [(u>6  +  7«-iu;a)  *  Lf_1  -I-  (wb  +  liWa)  *  Lf}/ 12 
rriN+l  =  [(u»i  4-  7 N^a)  *  LN)/2 
Jn  +  1  =  [(t£/fc  +  7 VVJa)  *  Lzn\/12 


xva.b  =  actuator  and  beam  mass  per  unit  length  respectively,  kg/m. 
7 ,  =  1  if  an  actuator  is  attached  to  beam  element  :.  0  if  not. 


The  stiffness  and  mass  matrices  K  and  M,  are  used  in  the  dynamic  equations  of 
motion  of  the  actuator-beam  system.  The  free  vibration  solutions  of  these  equations  then 
define  the  natural  frequencies  and  normal  modes  for  the  cantilevered  beam  system. 
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The  mass  matrix,  normal  modes  of  vibation  and  the  modal  shape  matrix  for  the  beam 
model  under  consideration  is  given  in  Table  4. 

3.  Dynamic  model.  The  equations  of  motion  of  the  actuator-beam  system  can  be 
written  as 

M6  +  KS  =  F,  (28) 

a  highly  coupled  system  of  ordinary  differential  equations.  Using  the  modal  shape  matrix 
obtained  from  the  free  vibration  analysis  these  equations  can  be  transformed  into  a  system 
of  uncoupled  equations,  expressed  in  the  modal  coordinates  of  the  system^37) 

The  relationship  between  the  physical  displacement  coordinates,  6,  and  the  modal 
coordinates,  U,  is 


6  =  4>U  (29) 

where  4>  is  the  weighted  modal  shape  matrix  formed  from  the  eigenvectors  of  the  flexible 
system.  The  equations  of  motion  in  the  transformed  modal  space  are  written 

U  +  oU  =  f  ,  (30) 

where-  o  is  a  diagonal  matrix  of  the  eigenvalues  of  the  system  and  /  is  the  modal  force 
matrix  given  in  terms  of  the  physical  control  forces,  F,  by 

/  =  4>T F .  (31) 

Therefore,  monitoring  the  displacement  of  the  flexible  system  and  generating  the  ap¬ 
propriate  control  forces  through  a  proper  control  law  one  can  determine  the  modal  forces  / 
from  Equation  (31),  the  modal  displacements  from  Equation  (30)  and  the  physical  displace¬ 
ments  from  Equation  (29).  Accordingly,  the  effectiveness  of  the  controller  in  suppressing 
the  physical  oscillations  can  be  determined. 

B.  Modeling  of  the  Control  System 


Table  4.  THE  DYNAMIC  CHARACTERISTICS 
OF  THE  TESTED  FLEXIBLE  BEAM  SYSTEM 
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(i)  Layout  of  the  control  system.  Figures  22-a  and  22-b  show  a  layout  of  an 
active  vibration  control  system  in  which  the  physical  position  of  the  beam  is  monitored  by 
a  noncontacting  sensor.  The  sensor  signal  is  compared,  in  the  computer,  with  a  desired 
equilibrium  position.  The  error  signal  is  processed  and  sent  to  the  controller  via  a  D/A 
converter  to  power  the  NITINOL  actuator  to  provide  the  control  action  necessary  to  damp 
out  the  vibration  of  the  beam. 

Using  the  mathematical  models  of  the  NITINOL  actuator,  developed  in  Section  V, 
and  the  beam,  developed  in  Section  VI,  one  can  study  the  effect  of  the  control  law  on  the 
dynamic  performance  of  the  system. 

The  effectiveness  cf  the  controller  is  determined  by  comparing  the  performance  of 
the  beam  with  and  without  the  controller,  subjected  to  step  input  disturbance.  The 
disturbance  is  generated  by  deflecting  the  tip  of  the  beam  a  known  distance  (0.228  in) 
and  releasing  it  setting  up  a  free  vibration  in  the  absence  of  a  controller  or  a  controlled 
forced  vibration  when  the  controller  is  activated.  The  free  vibration  of  the  beam  serves  as 
a  datum,  for  measuring  the  effectiveness  of  the  controller.  Figures  23-a  and  23-b  show  the 
experimental  and  theoretical  behavior  of  the  freely  vibrating  beam,  respectively. 

(ii)  Control  with  one  NITINOL  actuator.  If  one  NITINOL  actuator  is  placed 
parallel  to  the  beam,  and  mounted  between  node  1  and  the  foundation  of  the  beam,  then 
the  control  algorithm  can  be  as  shown  in  Figure  24.  In  this  algorithm  the  control  action 
is  generally  ON-OFF  where  the  actuator  is  switched  on  when  the  beam  displacement  is 
positive.  In  this  way  the  actuator  can  generate  a  moment  that  would  counteract  the  beam 
deflection  from  yy  (taken  as  0)  as  shown  in  Figure  25-a.  When  the  beam  deflection  becomes 
negative  the  actuator  is  switched  also  off  as  it  can  not  provide  any  resistance  to  the  beam 
motion. 

Theoretical  performance  of  the  beam  under  the  action  of  one  NITINOL  actuator  is 
shown  in  Figures  26-a,  26-b  and  26-c  for  dead  band  levels  of  0.0025,  0.005,  and  0.0075 
in  respectively.  The  figures  indicate  clearly  that  the  NITINOL  actuator  has  damped  out 
effectively  the  positive  amplitudes  of  vibration  of  the  beam.  It  has,  however,  increased  the 
amplitudes  of  negative  displacement  of  the  beam.  For  example,  it  reduced  the  maximum 
positive  amplitudes  by  18.9  %  but  also  increased  the  maximum  negative  amplitude  by  60.0 
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OF  TRANSVERSE  VIBRATION  OF  THE  CANTILEVER  BEAM 
UNDER  FREE  VIBRATION  CONDITIONS  (DAMPING  RATIO  =  0.02). 


INPUT 

ACTUATOR  GEOMETRY  d,L 
FLEXIBLE  BEAM  PARAMETERS  KS,MS 


FIGURE  24.  FLOW  CHART  OF  THE  CONTROL  SYSTEM  ANALYSIS  ALGORITHM 
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ONE  NITINOL  ACTUATOR  WITH  A  DEAD  DAND  OF  0.005  I 


1  .t7E--B.l  -  ;  COIN  -1  ,  DB-0.PO75 


OF  VIBRATION  OF  THE  BEAM  WHEN  CONTROLLED  WITH 
ONE  NITINOL  ACTUATOR  WITH  A  DEA I  ’  BAND  OF  0.0075  in. 


%  ,  when  the  dead  band  is  0.0025".  This  unfavorable  characteristic  is  attributed  to  the  fact 
that  the  energization  of  the  NITINOL  actuator  is  maintained  whether  the  beam  velocity 
yy  is  positive  or  negative.  Of  course,  when  the  NITINOL  produces  a  moment  which  acts 
against  the  beam  velocity  effective  damping  is  produced.  But,  when  the  two  have  the  same 
sense  then  the  NITINOL  moment  assists  the  beam  motion  rather  than  suppresses  it. 

This  undesirable  behavior  can  be  improved  in  two  ways.  The  first  is  to  increase  the 
dead  band  of  the  controller,  a  strategy  illustrated  in  Figures  26-a  through  26-c.  But,  a  more 
pronounced  improvement  can  be  achieved  by  deenergizing  the  actuator  when  the  beam 
velocity  becomes  negative,  as  shown  in  Figure  25-b.  This  would  result  in  the  performance 
characteristics  shown  in  Figures  27-a  and  27-b  for  dead  bands  of  0.005  and  0  ir.  respectively. 

A  comparison  between  Figures  27-a  and  26-b  shows  that  the  degree  of  overshoot,  for 
negative  displacement  has  been  reduced  by  12.4  %  .  However,  the  performance  of  the 
control  system  is  still  judged  inadequate  and  a  desireable  vibration  control  function  has 
not  yet  been  achieved. 

(iii)  Control  with  two  NITINOL  actuators.  In  order  to  achieve  better  perfor¬ 
mance  of  the  active  control  system,  two  actuators  are  used,  each  connected  to  opposite 
sides  of  the  beam,  as  shown  in  Figure  28.  The  performance  of  the  system  is  shown  in 
Figures  29-a,  29-b,  and  29-c  for  values  of  the  dead  band  of  0.005,  0.001  and  0.0005  in 
’•espectively.  Significant  improvement  is  achieved  both  over  the  single  wire  controller  and 
the  uncontrolled^case,  shown,  in  Figure  23-b. 

This  theoretically  predicted  performance  of  the  controller  will  next  be  checked  against 
the  experimental  behavior  of  a  prototype  of  tne  system. 

C.  The  Physical  Control  System 

(i)  Electronic  circuits.  The  actual  active  vibration  control  system  relied  in  its 
operation  on  three  basic  electronic  circuits. 

1.  Input /output  circuit.  This  circuit  provides  an  interface  between  the  sensor  and 
actuator  of  the  active  control  system  and  the  6510  micro-computer.  Figure  30  shows  a 
schematic  drawing  of  the  circuit  to  indicate  its  basic  components.  The  c’^cuit  utilises 
an  8-bit  A/D  converter  model  AD7824  from  Analog  devices  to  provide  up  to  4  analog 


68 


AUJO'ip  mill  I  -  IIKWI 

1  n-ftyi  T •"( If  lit 4 


I 


C55  a* 

» 

crs 

-  r-i 


<  £  5  u 
uhJo 

a  g  Q  « 

u  <  o 

§s^ 

a  x  •<  q 
£*ag 
o^b 

£  S  ^  H 

oago 

tfi  S  2  i-s 

Soo< 

|  z  ^  a 
H  o  £  z 

ffl  H  >  ^ 
1  ^  ^ 

N  >  w 

n  p{  h 

S92 

o  £  z 
H  o  o 


70 


72 


0.0A&00  lAWm  4.95E*fl0  7.43FXN1  9.91W0H 


o 

OJ 


h  o 

Da.s 

Ph?u 
H  h3  o 

3  2° 

£  © 

21§? 

§  <  0 

saBS 

5  fc  ’J 
5  D  C 
a  -  c 
^ph§ 

><  H  w  ^ 

Pi  fa  ^  h 
OnOS 

h°hu 
w  2  <  0 
hO^ 

'  H  P 


U 

I— ' 

H 

K 


K 


S 


a 


§s 

nag 
d>  a  a 

N  2  G 

§“2 


Q 

£ 

< 


b  > 

K  CO 

H 


O 

£ 

H 


micro-compter 


75 


input  channels.  The  converter  has  a  conversion  rate  of  2.5  /^s  per  channel  using  half-flash 
conversion  technique.  It  operates  from  a  5  V  supply  and  has  an  analog  input  range  of  0 
to  5  V.  Detailed  specifications  of  the  A/D  converter  is  given  in  the  Appendix. 

The  circuit  also  incorporates  an  8-bit  D/A  converter  model  AD7226  which  is  capable 
of  sending  4  output  signals  that  are  buffered  by  a  CMOS  amplifier.  The  D/A  can  develop 
4-10  V  signals  across  a  2  kfl  resistor.  It  has  seperate  on-chip  latches  to  which  data  is 
transferred  through  a  common  8-bit  TTL/CMOS  (5V)  compatible  input  port.  The  D/A 
converter  has  address  to  write  hold  time  of  10  ns.  Detailed  specifications  of  the  D/A 
converter  are  given  in  the  Appendix. 

An  address  decode  chip  74L138  is  used  to  control  the  operation  of  the  A/D  and  D/A 
chips. 

2.  Actuator  Control  Circuit.  The  energization  and  deenergization  of  the  NITINOL 
actuator  are  controlled  by  the  control  circuit  shown  in  Figure  31.  In  this  circuit,  the 
output  from  the  D/A  is  biased  by  a  trim  potentiometer  and  amplified  by  741  operational 
amplifier.  The  output  of  the  amplifier  is  used  to  trigger  an  NPN  power  transistor  (2N3055). 
The  transistor  provides,  through  its  collector/emitter  amplification,  the  current  necessary 
to  power  the  NITINOL  actuator  from  an  external  power  supply. 

3.  Sensor  Circuit.  An  inductive  proximity  sensor  Model  576013-190  from  Veeder-Root 
is  used  to  monitor  the  vibration  of  the  cantilever  beam.  The  sensor  is  of  the  non  contacting 
type  and  therefore  provides  information  about  the  beam  displacement  without  influencing 
its  dynamic  behavior. 

The  sensor  output  is  amplified  by  an  operational  amplifier  after  controlling  its  bias 
level  and  then  sampled  by  the  A/D  converter  as  shown  in  Figure  32. 

Details  of  the  specifications  of  the  sensor  are  given  in  the  Appendix. 

(ii)  Performance  of  controller.  Tne  performance  of  the  controller  is  determined 
experimentally  under  different  conditions  to  demonstrate  the  effectiveness  of  the  NITINOL 
actuator  in  damping  out  the  vibration  of  the  experimental  beam. 

The  effect  of  using  one  or  two  actuators  on  the  performance  of  the  controller  is  inves¬ 
tigated  for  different  maximum  actuator  voltages  and  controller  dead  bands.  Furthermore, 
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the  effectiveness  of  the  controller  is  checked  for  changes  in  the  natural  frequency  of  the 
flexible  beam,  achieved  by*  the  addition  of  a  weight  at  different  locations  along  the  beam. 

1.  Performance  with  Single- Wire  Actuator  f  .g  .-»••  C3-a  and  33-b  show  the  time  re¬ 
sponse  of  the  cantilever  beam  without  and  with  a".  :ve  controller  respectively.  The 
actuator  is  energized  by  0.4  V  and  1  A  with  a  dead  oar.  :  of  0.0025  in.  The  close  agreement 
between  the  measured  performance  of  Figures  33-a  arc  r.?»-h  and  the  theoretical  predictions 
shown  in  Figures  23-b  and  26-a  is  evident.  Notice  particularly  the  previously  mentioned 
features  of  a  single  wire  controller  which  are  effective  in  damping  the  oscillation  in  the 
positive  direction  only,  with  increased  overshoot  in  the  negative  direction. 

Increasing  the  applied  voltage  from  0.4  V  to  0.6  and  0.8  V  results  in  improved  damped 
characterist.cs  of  the  controller  as  shown  in  Figures  34-a  and  34-b  respectively.  But,  this 
is  at  the  expense  of  bending  the  beam  too  fax  from  its  original  position.  The  controller 
is  seen  however,  to  take  some  time  to  bring  it  back  to  that  position  as  it  relies  only  on 
natural  cooling  to  achieve  such  a  task. 

2.  Performance  with  Two-Wire  Actuator 

a.  Original  beam.  Figures  35-a,  35-b  and  35-c  show  the  time  response  of  the 
original  cantilever  beam  without  the  controller  operating  at  0.6  A  and  1  A  respectively. 
The  dead  band  of  the  controller  is  taken,  in  the  two  later  cases,  as  zero.  It  is  evident  that 
the  controller  is  extremely  effective  in  damping  out  the  vibration,  when  it  is  powered  by  0.6 
A.  Based  on  Figures  35-a  and  35-b  one  sees  that  the  controller  has  reduced  the  time  needed 
to  damp  out  the  vibration  from  13.6  s  to  6  s.  Increasing  the  power  input  to  the  actuators 
from  0.6  A  to  1  A  resulted  in  further  reduction  in  the  time  needed  to  come  to  the  original 
position.  But,  once  the  beam  is  close  to  that  position  the  energization  and  deenergization 
of  the  actuators  is  seen  to  excite  the  beam  rather  than  damp  out  its  vibration. 

Introducing  dead  band  in  the  controller  is  found  io  be  extremely  effective  in  utilizing 
the  fast  damping  characteristics  resulting  from  increased  input  power  to  the  actuator 
without  exciting  the  beam  when  it  reaches  its  desired  destination.  This  is  manifested  in 
Figures  36-a  and  36-b  when  the  actuators  are  powered  by  1  A  but  with  dead  bands  of 
0.0008"  and  0.0016"  respectively.  It  can  be  seen  that  the  self-excited  vibration  problem 
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FIGURE  33-a.  TIME  HISTORY  OF  THE  EXPERIMENTAL  AMPLITUDE 
OF  VIBRATION  OF  THE  BEAM,  WITH  ONE  ACTUATOR, 
UNDER  FREE  VIBRATION  CONDITIONS. 
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FIGURE  33-b.  TIME  HISTORY  OF  THE  EXPERIMENTAL  AMPLITUDE 
OF  VIBRATION  OF  THE  BEAM  WHEN  CONTROLLED  WITH 
ONE  ACTUATOR  (ACTUATOR  VOLTAGE  =  0.4  V  AND  DEAD  BAND  =  0.0025  in). 
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FIGURE  34-a.  TIME  HISTORY  OF  THE  EXPERIMENTAL  AMPLITUDE 
OF  VIBRATION  OF  THE  BEAM  WHEN  CONTROLLED  WITH 
ONE  ACTUATOR  (ACTUATOR  VOLTAGE  =  0.6  V  AND  DEAD  BAND  =  0.0025  in) 
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FIGURE  34-b.  TIME  HISTORY  OF  THE  EXPERIMENTAL  AMPLITUDE 
OF  VIBRATION  OF  THE  BEAM  WHEN  CONTROLLED  WITH 
ONE  ACTUATOR  (ACTUATOR  VOLTAGE  =  0.8  V  AND  DEAD  BAND  =  0.0025  in) 
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FIGURE  35-b.  TIME  HISTORY  OF  THE  EXPERIMENTAL  AMPLITl 
OF  VIBRATION  OF  THE  BEAM  WHEN  CONTROLLED  WITH 
D  ACTUATORS  (ACTUATOR  CURRENT  =  0.6  A  AND  DEAD  BAND 
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displayed  in  Figure  35-c  is  reduced  in  Figure  36-a  and  eliminated  in  Figure  36-b. 

b.Beam  with  added  weight.  Figures  37-a  and  37-b  show  the  time  response  of  the 
beam  without  and  with  the  active  controller  respectively  when  a  weight  of  12.45  gm  is 
glued  to  the  beam  at  12.5  cm  from  its  fixed  end.  Figure  34-a  indicates  that  the  natural 
frequency  of  the  beam  dropped  from  2.25  Hz  to  2  Hz.  With  the  controller  parameters 
maintained  as  those  for  the  original  beam,  i.e.  1  A  and  dead  band  of  0.0016",  it  can  be 
seen  that  this  controller  is  still  effective  in  suppressing  the  vibration  of  the  beam  with  the 
added  weight.  Placing  the  12.45  gm  weight  at  a  distance  of  20  cm  from  the  fixed  end  of 
the  beam  resulted  in  reducing  its  natural  frequency  to  about  1  Hz  as  can  be  seen  from 
the  time  response  of  the  uncontrolled  beam  shown  in  Figure  38-a.  When  the  same  control 
law  is  applied  to  this  beam  the  resulting  response  is  shown  in  Figure  38-b.  Significant 
vibration  reduction  is  still  evident. 

The  developed  controller  is  judged  to  be  effective  and  also  insensitive  to  large  changes 
in  the  parameters  of  the  flexible  system.  Accordingly,  it  is  a  robust  controller. 

VII.  CONCLUSIONS 

This  report  presented  a  detailed  experimental  and  theoretical  study  which  aims  at 
demonstrating  the  feasibility  of  utilizing  NITINOL  actuators  in  suppressing  the  vibrations 
of  simple  flexible  systems. 

The  dynamic  characteristics  of  NITINOL  actuators  have  been  measured  over  a  wide 
range  of  design  parameters  and  operating  conditions.  Mathematical  modelling  of  the 
dynamic  characteristics  of  the  actuators  have  been  developed  and  guided  by  the  obtained 
experimental  results. 

The  dynamic  model  of  the  actuator  is  combined  with  that  of  the  flexible  system  to 
form  the  bases  necessary  for  designing  a  NITINOL-based  active  control  system  to  suppress 
the  vibration  of  the  flexible  system. 

Detailed  design  of  the  control  circuits  used  in  the  implementation  of  the  controller  is 
presented.  Presented  also  are  the  results  of  testing  a  prototype  of  the  controller  under  a 
wide  variety  of  control  strategies. 

The  presented  theoretical  and  experimental  procedures  are  general  in  nature  and 
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FIGURE  38-b.  TIME  HISTORY  OF  THE  EXPERIMENTAL  AMPLITUDE 
OF  VIBRATION  OF  THE  BEAM  WITH  12.45  gin  PLACED  AT 
i  cm  FROM  FIXED  END  WHEN  CONTROLLED  WITH  TWO  ACTUATORS 
(ACTUATOR  CURRENT  =  1  A  AND  DEAD  BAND  =  0.0010  in). 


can  be  equally  extended  to  more  complex  flexible  systems.  Furthermore,  the  presented 
results  demonstrate  clearly  the  feasibility  and  the  potential  of  using  NITINOL  acutator  in 
controlling  the  vibrations  of  flexible  structures. 
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